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NATIOWAL ADVISORY COMIITTEZT FOR AERONAUTICS

TECHNICAT NOTE NO. 1392

ICING ZOMES I¥ A T/ARM FROMT SYSTE
TH GENERAL PRECIPITATION

By Willlam Ievis, U.S., ¥eather 3u:reau?

SUIZARY

Observetion of the icing zones present in a warm front
cloud system vrere made Quring one of a serles of flights
designed to investligete the meteorologlcel conditions.
conducive to the formation of ice on sircraft. 'hile 1t is
realized that 1%t is hezardous to venture general conclusions
from obgervationsg of a 8lngle cese, a consistent theoretical
interpretation of the ohsgerved conditions ls helieved to
Justiry the conclusion that 1ln large areas of uniforn
precipitation in the agbsence of marked orograpnic effects,
the lcing zones are limited to the freezing railn area, if any,
and a sghallow layer of mixed gnow anﬁ cloud 3irope Just above
the freezing level. :

INTRODUCTION

- The principal meteorologlcal factors which defermine
lcing conditions are temperature, liquid water concentration,
and drop size. To study these factors and their relationshin
to the formation of ice on alrplanes, the Anmes Aeronautical
Laboratory of the Mationel Advisory Committee for Aeronautlcs
has equipped a C~-Uk6 cargo-airplane with a thermal ice-prevention
gystem and pertinent meteorolo~ical instrumentation and is
conducting an extensive flight investigation in inclement
weather. During the phase of thls investigetion which was

1This report was prepared Ly Mr. Lewis in collaboration
with the staff of the Ames Laboratory during a perlod
of actlve participetion by :ir. Lewis in the NACA
icing regearch program . :
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conducted throughout the winter of 19MIL5, » flight ves mnde
In a warm front cloud system. 3Ihile this particulcr situntion
wag the only well defined werm front encountered during the
entire geason's operations, it is believed that it s typical
of werm sector cyclones having s lorge ares of uniform precipi-
tation. Observations made during thls perticular flicht and

a discusslion of -certaln general ssgpects of the problem of

leing in precipltation sréas are pregented in thie report.

OBSERVATIONS

The flight described herein wes mede in the warm front
cloud system which exlisted over Minnesots on iirrch 15, 19U5,
Obgervations made during the flight have been combined with
gurface and uppser alr data obtained from the U.S8. “eather
Bureau to reconstruct the meteorclogical conditions existing
at the time of the flight. Figure 1 is the surface weather
map for 9:30 e.m. Centrel Stondard Time on Merch 15, 1945, A
deepenling cyclone with an open werm sector wos centered esbout”
60 miles southwest of Iinnespolis, ¥inn., moving east north-
eagtward at about 20 miles per hour and decpening ot ebout
0.6 millibar per hour. Railh wasg falling over most of linnesote
with snow north of the Canadlsn border. The presence of an
area of freezing raln velow the warm front surface was
indleconted by the obgervatlion of sleet (U.S. definition) nt
Internsatlional Falls, Minn. The average tempernture and dew
point of alr entering the system in the warn sector on aoline
from Des Moines, Iows, to Chicageo, Ill., were 59° ~nd 53° F,
regpectively. This oair had the same equivalent potential
temperature ess the alr at 5000 feet over Duluth, Minn.,
indiceting thet warm sector air was being lifted over the -
warm front. Preclpltatlion rates were light to moderate,
aversging about 0.08 inch per hour over eastern M¥innesoba.

The cross gection (fig. 2), showing the structure of
the warm front cloud and precipitation aresn, wasg drown from
date taken on the flight and Weather Buresu radlosonde dcta
taken at St. Poul, ¥inn., nnd International Folle, Minn. I%
shows the locrtlon of the frontal surface ond icing zones,
and the epproximcte distribution of tempercture. The rriio-
gonde deta ore shown in figures 3 end 4. The radiosonde.
obgervetlons were mnde ot 9 s.m., the surfrec obgervatiang
ere for 9:30 n~.m., =2nd the flight obervotions covered the
intervel from &2k to 11:45 n.m. The cross Bectlon wng
drowm %o represent conditions at nsbout 2:30 a~.m.
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The flight begon at &: 24 ne.ti. A layer of low scud
clouds with tops beolow 2500 feot was encountered just nfter
teks—-off, and esnother cloud layer extended from 3500 to KOCO
feet altitude. The alrplane was bebween cloud 1ﬂyers from
5000 feet to 9200 feet in sterdy roin. The freezing level
was renched at an altitude of 9200 feet and Dy 9500 fceet
the rein had. turned to snow. From 9,500 feet to 13,000 feet
the alr wos uniformly full of falling snow. No liquid weter
was present and no lcing occurred. The climb waos terminated
at en altitude of 19,000 feet at 5:20 a.m. The elevation of
the top of -the snow cloud ie unknowvm and the presence or
ebgence of a layer of liquld woter drops in the top of the
cloud formation could nbt be determined. The tempersture-—
height curve for tinls pcort of the filght ls shown in figure 5.

The airplane then dcscenied o an nltitude of 9000 feeot.
A trace of clear lce, the firgt noted on this Tlight, was
picked up at 9(00 ;cot st on indlcated free-alr tempor?ture
of 31° 7 (28 gtatic). At 9000 feet the indicsted tempera-
ture wag 33° F, (31° F gtetie) and the ice melted off.
Although the gtatic tepporature tras below freezing, kinefic
heating, due to the speed of the alrrlane, prevented the
formation of ice ot this level. ©Snow was present and also
probably liquid water drops but they could not be identified.
Tne alrplane was then climbed to 11,000 feet and cruised at
that lavel for a 1llittle over ~n hour whlle tests were made of
gome of the equipment on the airplaone. During that time no
ice formed. The indicated temperature wos 20° F and steady
gnovw continued throughout the period.

A slow descent wes begun at about 11:15 a.m. nesar Duluth,
¥inn. A ftreoce of ice wag observed at 10,200 fect ot on indi-
cated alr temperscture of 31.5° F. The static freezing level
was passed ot 9300 feet and below thet point steedy rein and
broken clouds were obsgscrved. The descent was continued to
an altitude of 2600 feet and a statlic temperature of 33° F
in an &ttempt to find the freezing rrin zone. If the date
used to draw the cross section of figure 2 had been aveilable
on the flight 1t would have been an easy matter to find
freczing raln by going a 1little farther north, but since the
north-south temperature gradient in the-cold air was believed
to be quite small, and since the entire-ares was warming up,
the attempt to find freezlng rain wos abandoned and the
airplane returned to Minneopolis. The temperature-height
curve Tor this part of the flight ls shown in figure 6.
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DISCUSSION.

The physical condition required for icing is the presence
of. 1iquid water drops at gubfreezing temperatures. The meteor—
ological problem, then, is to establish the location and
extent of zones containing liquid water.drope at temperatures
below freezing. These zones may be divided into three classes:
(1) areas of freezin rain; (2).clouds composed predominantly
of water drops, and %3) clouds containing a high concentration
of snowflakes or ice crystals together with liquid drops.

The freezing rain area was not reached on the flight but
was located on the crosg sectlon by inference from the magni-
tude of the inversion obgerved near Duluth, and the radiosonde
and surface observations at International Falls. Since the
conditions required for freezing raln are generally well under-
stood and can usually be forecast with fair reliability, only
the icing zones sbove the frontal surface will be discugsed
here. . ' '

_ According to the Bergeron-Findeisen theory of the forme-
tlon of precipitation, any large area of continuous precipita—
tlon is characterized by the presence of an gbundance of snow-
flakes in the region gbove the freezing level. The coexist—
ence of wabter drops and snowflakes for an appreciable time in

a cloud at below freezing temperstures requires the exisbence

of -saturated conditions with respect to liquld water in the
spaces between the snowflakes. Since the saturation vapor
presgure ls greater over water than over ice at temperatures
below freezing, a condltion of supersaturation must exist with
resgpect to lce, causing deposition of vapor on the enow crystals.
This reesults in a gradient of vapor »ressure in the nelghbor-
hood of each snowflake and diffusion of vapor to the snowflakes.
The only way that a condition of saturation with regpect to
liquid water can be maintained at points between ths snowflakes,
in spite of the diffuslon of vapor to the snowflakes, 1s by
contlnuous- cooling and consequent lowering of the saturation
vapor pregsure wlth reaspect to both water and ice. This
cooling is brought sbout by lifting of the-alr, and the rate

of coollng is dependent ubon the vertical component of the
velocity.. It appeare, therefore, that a certain critlcal

value ©f vertical wvelocity exlsts, as was suggested by

Dr. Irving Langmuir of the General Electric Company Regearch
Laboratory, which must be exceeded as a necegaary condition

for the coexistence of water dronlets and snowflakes in a cloud.
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This critical veloclity is zero at the freezing level, since
there the wapor pressures over lce and water are equal, and
increases rgpldly at temperatures below freezing.

In a warm front type of preciplitation area such »s is
congidered here, o large mass of aglir-ig lifted slowly by the
action of horizontal convergence:in the lower levels. This
lifting is so gradual that the vertical velocities are
generglly much below the critlcal vslue. The alr which moves.
upward through the freezing level usually containg liquid
clouvd droplets and may have falrly high liquid water content.
As soon ag the freezing level i1s passed, a depletion of the
liquid water beginsg due to diffusion of vapor to the snow-
flekes, since 1t ls assumed here that snowflakes are present
in the subfreezing portion of the cloud system. Thus there
is found, just sbove the freezing level, = transition zone
in which snow flakes and liquid cloud drops exist together
for s short time as the drops evaporate even though the
verticsl velocity may be less than the criticsgl value. The
vertical extent of the transltion zone depends on the
vertlcal velocity, the inltlel concentration of liguid water
in the air as 1t reaches the freesing level, ond the concen—
Eretion of snowflakes. In thisg particular case, the observed
upper 1limit of the transitionsl icing zone was 900 feet above
the freezino level and the static air temperature at that
point was 29° F. This explains the fact that all the icing
observed on this flight occurred at static alr temperavures
of 29° F or higher. The observed patchy character of the
icing in the transition zone was probably due to horizontal
veriations in the wverticael veloclty and in the initial
- concentration of liquid water.

In the situstion where the air asscending through the
freezing level does not contain cloud drops, while at the same
time frozen preclpitation falling through unsaturated air )
approaches (or reaches) the freezing level from aloft, then,
the transitionsel icing zone does not exist snd no 1cing can
occur since no liquid wster is present at below-freezing
temperstures. Thls wag the case on the first ascent. Rsin
slone, without cloud droplets wes present below the freezing
level and no icing was observed when pessing through the
freezlng level from rein to snow. Liquid water was pregent
in this case in the. forn of melting snow at temperatures just
above freezing, but no lcing was experienced. It 1s belleved
that the lcing usuglly attributed to "wet snow" is due to
liquid water drops which have been carried up through %he
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freezing level aond vthich form a fllm of freezing water on the
alrplane surfaces to which the dry snowf;akes'qgn adhere.

The speed of the alrplane 1lg an important factor in
reducing the hazerd in this kind of an icing zone since the
temperaturaes are always only slightly below freczlng. The
kinetic heating effect prevents the formation »of ice in the
leyer jJjust above the stsatlc freezing level vhere the liquid
weter concentrastion is highest. On this flight the true
airspeed wag sbout 160 miles per hour, resulting in a kinetlc
heating effect of sbout 2° ¥ in clouds. This reduced the
maximum depth of the icing zone from 900 feet to about 300 feet.
A speed of 200 miles .per hour would have completecly prevented
lecing, while if the speed ppd been reduced to 100 miles per
hour, the effective deptn of the icinw 19fer would have been
increnged %o 700 feet.

Vertical Velocltics

In order to estimste the likellhood of lcing condltlons
being encountered in warn-front-type p”ecidltetion areasg at
altitudes above the freezing level transition zone, a comparison
was made of the approximete velue of the critical vertical
veloclty and the velocities likely Lo occur in a cloud system
of thils type. : . o S e

The leing date from the Mt. “Tashington ObserVatory, M.H,
for the winter of 1945-U6 were used to obtaln An estimate of
the critical vertical velocity. Since the aversge inclination
of the wind at the Observetory is about 20° from the horizontal,
the existence of = minimum wind velooity for lce formatlon in
the pregence of gnow corresponds to the critical vertical
velocity for the coexistence of 1lilauld drops and snow. A1l
ceses of cbservatlons during periods of anoufall were plotted
on e graph of 1ind velocity versus tempersture. (See fig. Te)
The ceses in whilch fledsurable icing wgs recorded weére vlotted
a8 crossces and thoge without icing as c*rcles. A scelie of
the verftical component of wind velocity veg constructed based
on an average inclinction of 20° T™ese deta are not very
well distributed to egtabligh the critical vertical veloclty
gince aversge winds on Mt, Washington have verticrl components
much higher fthan the criticnl velue. It ig significant, howevenrn,
that there werc no cases of mersurable icing with verticnl wind
components leas than 450 feet per minute although there were



NAQAEHWNO;1392 o : 7

22 obgervations with vertical wind components below 450 feet
ver minute wilthout ilcing. From these facts it may be
inferred that vertical-velocities of .the order of 400 feek
Per miuute or more are required for the continued existence -
of llcouid cloud drops in the presence of modernte snow at
temperatures apprecinbly below freezing.

The approxlimate value of the sctunl verticrl velocities
likely to occur in werm-front-type precipitetion areans may
be estimated from the horizontal divergence of the *ind _
veloclity or from the rete of precipitetion. In refeorence 1
1% is shown that s mean horizontrl divergence of 10™° per :
second between sea level and 10,000 feet produces a vertical
velocity of 3.5 centimeters per second (6.9 feet per minute)
at the 10,000-foot level. 1In the wenther mep of 0630 GCT,
March 31, .1945, which is presented s8 an example in
reference 3, s warm-front precipitation ares similar to the
one discussed ln thls report covers the area embraecing
Indliana, Ohio, and Lake Erle. Also presented in reference 1
are charts, baged upon pllot bslloon data, depicting the
distributlion of horizontsl divergence at 5,000 feet and
10,000 feet for OL0O0 GCOT, March 3L, 19L45. 'The values of
divergenrce, as shovn by these charts for the area of
Indlana, Chlo, end Leke Erie, fall in the range from 1075
to Ux107® per second corresponding to vertlical veloclties
from 7 to 28 feet per minute at 10,000 feet. While it 1is
realized thst there may be congidersble differences in
vertical veloclity in different warm-front precipitation
areas, these data should st least suggest the order of
magnitude to be expected in such situstions.

Reference 1 also includes a calculatlion of the verticel
veloclty required to produce the observed precipitation rate
in s general precipitation area. It was found that the
average vertlcel velocitles over an area 150 miles sguare |,
apparently ranged from 1 centimeter per second to at least
15 centimeters per second (2.to0 30 ft per min ). Since
these t*o calculations give results of the same order of
magnitude, 1t would appear reasonsble to esccept these values
a8 typlcal for warm-front precipitation aress. On the basis
of these conglderations, a vertical velocity of 50 feet per
minute has been selected as a probable meximum to be expected
in & warm-front precipitation area.

Comparlison of the probable actual vertical velocity with
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The critical velocity as determined from the Mt. Washington
data shows that the critical velocity is much lsrger than the
actual veloclty. It follows, therefore, thet stable; precipi-
fating, warm-front-type cloud systems do not in general contain
1iquid water drops at below freezing temperatures except in

the immedilate vicinity of the freezing level.

Thls conclusion supports the theoreticsl model of the
precipitating etratoform cloud structure proposed by Findeilsen
(reference 2) rather than that given by Byers (reference 3) ’
which includes a large region of mixed water dropg and snow
crystels above the wearm front surface giving rise to. the
supposition that severe icing condltlons exist within this
region. The obgervations made on this flight ahd the theory
given here t¢ interpret them do not support, in fact directly
contredict, the Byers model. Further observasions are desir-
able %o determine the validity of: thhis model since it-has been
used as a besls for the dlsocussion of lcing in recent text
books in meteorology.

CONCLUDING REMARKS

While 1t is reallzed that 1t is hazardous to draw
conclusions from observabtions of a single case, the consistent
theoretical interpretstion of the observed. conditions is
believed to Justify the following generalization:

In large arees of uniform precinltation in the absence
of marked -orographlc influences, -the icing zonés are limlted
to the freezing raln erea, if any, and a shallow layer of
mixed snow and cloud draps Just above the freezing level.

Ameg Aeronauticsl Laboratory
' ‘Ngtlonsl Advisory Commlittee For Aeronautics
Yorffett Fleld, Calif. , June 1947.
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